Adenosine (Ado) is a purine nucleoside, which functions through binding to four corresponding Ado receptors, namely, A1, A2A, A2B, and A3.[@CIT0001] Ado is at a low extracellular level, which is markedly increased under metabolic stress, such as inflammation or cancer.[@CIT0002] Ado removes the harmful substances in cells through reducing tissue energy consumption, which thereby plays a protective role in the body.[@CIT0003] Ado is shown in plenty of studies to possess a wide range of pharmacological effects, including anti-inflammation,[@CIT0004] anti-oxidation,[@CIT0005] anti-pulmonary hypertension,[@CIT0006] and anti-tumor.[@CIT0007] Moreover, existing studies suggest that Ado exhibits anti-cancer activity in gastric cancer (GC),[@CIT0008] lung cancer,[@CIT0009] and colon cancer.[@CIT0010] In addition, Ado enhances the cisplatin activity in ovarian cancer.[@CIT0011] However, the mechanism of Ado in inhibiting ovarian cancer remains unclear so far, which should be further investigated. Recent studies show that Rho-specific guanine nucleotide dissociation inhibitor 2 (RhoGDI2) plays a critical part in regulating tumor cell invasion and metastasis.[@CIT0012],[@CIT0013] Nonetheless, it is unknown whether RhoGDI2 mediates the regulating process of Ado on ovarian cancer. Therefore, this study investigated the effects of Ado on ovarian cancer cell proliferation, growth, and angiogenesis using a subcutaneous xenograft nude mouse model and a tumor cell-induced tube formation model. Typically, this study focused on the role of RhoGDI2 in this process, as well as its molecular mechanisms of action, so as to provide a theoretical basis for further research and the clinical application of Ado.

Materials And Methods {#S0002}
=====================

Animals, Cell Line, And Drugs Used {#S0002-S2001}
----------------------------------

The 6--8-week-old female BALB/c nude mice (SPF grade, 18--20 g) were provided by Vital River Laboratory Animal Technology (Beijing, China) under the production license number of SCXK (Beijing) 2018-0001. The rats were fed a standard laboratory diet (Department of Laboratory Animals, Central South University, Changsha, China). Before the rats were divided into experimental groups, they acclimated for a week. The protocol for the experiments on animals was approved by the Ethics Commission, Hunan Cancer Hospital, Changsha, China (the permission number 17/2018). The National Institutes of Health (NIH) guide for the care and use of laboratory animals was followed in the current study.

The human A2780 ovarian cancer cell line and normal ovarian epithelial cells (IOSE80 cells) were purchased from Shanghai Institute of Cell Biology, Chinese Academy of Sciences. Ado (purity ≥98%) was derived from Sigma-Aldrich (St. Louis, MO, USA, Cat. \#. A9251). The RhoGDI2 siRNA plasmid was constructed by Jiangsu KeyGEN BioTECH (Nanjing, China). The 10% fetal bovine serum (FBS), DMEM medium, and 0.25% trypsin were bought from Gibco BRL, Life Technologies Inc. (Rockville, MD). The other reagents used in this study were shown below: BCA Protein Quantification Kit (Pierce, US, Cat. \#. 23227) and Matrigel basement membrane matrix (BD Biosciences, US, Cat. \#. 356234, Lot \#. 2342761, packaging: 5 mL). Meanwhile, the antibodies used in Western blotting were as follows: MMP-2 (Proteintech, Cat. \#: 10373-2-AP), MMP-9 (Proteintech, Cat. \#. 10375-2-AP), VEGF (CST, Cat. \#: 3852S), TGF-β (Proteintech, Cat. \#. 22308-1-AP), TNF-α (Cell Signaling, Cat. \#: 8902 SC), CD31 (Proteintech, Cat. \#. 11265-1-AP), and GAPDH (CST, Cat. \#: 3683).

Methods {#S0002-S2002}
-------

### Effect Of Ado On The Proliferation Of A2780 Ovarian Cancer Cells Detected By MTT Assay {#S0002-S2002-S3001}

A2780 cells were cultured in DMEM medium containing 10% fetal bovine serum, and cells in the logarithmic growth phase were trypsinized, centrifuged, and counted. The cell concentration was adjusted to 5×10^5^ cells/mL in DMEM complete medium, and the cells were seeded into a 96-well plate (200 μL of cell suspension per well) and placed in a 37°C incubator. When the cultured cells grew to approximately 80% confluence, 0, 1, 5, 10, 20, 40, and 80 μM of Ado was added, and incubation was continued for 24 hrs, 48 hrs, 72 hrs, and 96 hrs. After the incubation, 20 μL of MTT reagent was added to each well and incubation was continued for 3 hrs. After the completion of the incubation, the absorbance value (OD value) was measured at a wavelength of 490 nm using an ultraviolet spectrophotometer and the inhibition rate was calculated.

### Construction Of The Nude Mouse A2780 Subcutaneous Xenograft Model To Investigate The Effect Of Ado On Tumor Growth In Vivo {#S0002-S2002-S3002}

In brief, the A2780 human ovarian cancer cell line was subjected to thawing, passage, and culture according to the conventional methods. After cell expansion to 10 culture dishes and 90% confluence were achieved, cells were digested with trypsin, centrifuged to remove the trypsin, and resuspended within the PBS. Later, a 10× dilution was prepared, cells were counted, and the cell suspension was adjusted to 2 × 10^7^ cells/mL. Cells were then mixed with an equivalent volume of Matrigel so that the final concentration of cell suspension was adjusted to 1 × 10^7^ cells/mL. Then, the cell suspension was disinfected with iodine and 75% alcohol, and 0.2 mL was collected to inoculate into the lower right limbs of 20 healthy Balb/c nude mice. On the next day of inoculation, the experimental mice were randomly divided into 4 groups (n=5 in each group) based on their body weight, including model group, low-dose Ado group (20 mg/kg), high-dose Ado group (60 mg/kg), and cisplatin group (3 mg/kg). Dosing was initiated when the average tumor volume in each group was \>100 mm^3^. Thereafter, mice were given an intraperitoneal injection of Ado for once a day or cisplatin for once every 3 days for a total of 21 days, while the model group was given an equivalent volume of saline. The tumor volume was measured for once every 3 days during the administration period. After 21 days of administration, the mice were sacrificed, and the tumor was excised from each mouse, weighed, fixed in the 10% buffered formalin, and embedded in paraffin. Afterwards, the tissue blocks were sectioned at a thickness of 6 µm and processed for IHC detection. The tumor volume was calculated as follows: V = A × B^2^ × 0.5, where A represents the maximum diameter of tumor, while B is the minimum diameter of tumor.

### Effect Of Ado On The Expression Of RhoGDI2 Protein Expression In Ovarian Cancer Tissues Detected By IHC {#S0002-S2002-S3003}

First of all, the sections were subjected to deparaffinization using xylenes, followed by immersion in ethanol at various concentrations and then in pure water for rehydration. Then, 1 L of 0.01 M sodium citrate buffer solution (pH 6.0) was added into the boiling water for high-pressure heated antigen retrieval. Thereafter, 3% H~2~O~2~ was added dropwise onto each section, with 1 drop for every section. Subsequently, 1 drop of RhoGDI primary antibody 2 (dilution 1:100) was added into each section, and all sections were placed at 4°C overnight. On the next day, 1 drop of horseradish peroxidase (HRP)-conjugated secondary antibody was added onto each section and placed at 4°C for 30−40 mins. Afterwards, 1 drop of the freshly prepared DAB solution was applied onto each section for 20 mins of color development, and the nuclei were counterstained with light hematoxylin for 30 s. After staining, all sections were quickly dehydrated with ethanol at various concentrations, transparentized with xylenes, and mounted with neutral resin. After drying, each section was observed under the optical microscope and photos were taken.

### Construction Of RhoGDI2 siRNA Plasmid And Cell Transfection {#S0002-S2002-S3004}

First, 5 μg RhoGDI2 siRNA was added to 150 μL serum-free and antibiotic-free medium to incubate for 5 mins at room temperature. Next, 3 μL LipofectAMINE^®^ Reagent was added into 150 μL serum-free and antibiotic-free medium to incubate for 5 mins at room temperature. Afterwards, the above two solutions were mixed, then the mixture was further incubated for 20 mins at room temperature, and approximately 300 μL transfection complex was obtained. Later, cells were incubated with the transfection complex for 8 hrs at 37°C, followed by incubation with a complete medium for 16 hrs at 37°C.

### Effects Of Ado And Interference With RhoGDI2 On Angiogenesis Induced By A2780 Cell Supernatants Detected By Tube Formation Assay {#S0002-S2002-S3005}

The 96-well plate and sterile pipette tips were pre-cooled at −20°C overnight, and then, the Matrigel base membrane matrix stored at −20°C was placed at 4°C for slow thawing overnight. The pre-cooled 96-well plate was placed onto the ice plate, and 100 μL Matrigel TM basement membrane matrix was added into each well. Later, the 96-well plate was placed at 4°C for 10 mins and then transferred into a 37°C cell incubator at 5% CO~2~/95% air condition for 30 mins. HUVECs at the logarithmic phase were washed with 10 mL PBS for once, then the PBS was discarded, and 4 mL of the 0.25% trypsin--0.02% EDTA was added for cell digestion. Subsequently, the digested cells were transferred into the 15 mL centrifuge tubes to centrifuge at 1000 rpm for 3 mins. Afterwards, cells were re-suspended into the basal medium, and cell concentration was adjusted to 1.5 × 10^5^ cells/mL. Then, 100 μL cell suspension was slowly added into each well of the 96-well plate, as described above. Later, HUVEC cells cultured in the 96-well plates were divided into four groups, including group A with 100 µL PBS, groups B and C with 100 µL A2780 cell culture supernatant, and group D with 100 µL RhoGDI2 siRNA-transfected A2780 cell culture supernatant. After reacting with Ado at various concentrations (0 and 20 μM) for 24 hrs, tube formation was observed under a microscope and photographed, and the tube length was analyzed using ImageJ.

### Effects Of Ado On The Expression Of MMP-2, MMP-9, VEGF, TGF-β, TNF-α, And CD31 In A2780 Cells After Interference With RhoGDI2 Detected By Western Blotting {#S0002-S2002-S3006}

A2780 cells were inoculated into the 6-well plates and cultured. After achieving 80% cell confluence, Ado treatment was initiated, and a vehicle control group (PBS) was set up. Then, cells were cultured for 24 hrs, the total protein was extracted using the RIPA lysis buffer, and the protein content was quantified according to the Bradford method. The Western blotting samples were prepared and subjected to sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS-PAGE). After terminating electrophoresis, the samples were transferred onto the polyvinylidene fluoride (PVDF) membranes at a constant pressure of 100 V for 1.5 hrs. Subsequently, the PVDF membranes were blocked with 5% skim milk in TBST for 2 hrs, then corresponding antibodies (MMP-2, MMP-9, VEGF, TGF-β, TNF-α, and CD31) were added, and membranes were incubated at 4°C overnight. On the following day, the secondary antibody was added after membrane washing to incubate for 1.5 hrs; afterwards, the membrane was washed for 10 mins for 4 times and exposed to the gel imaging system. The experiment was repeated for three times.

### Statistical Methods {#S0002-S2002-S3007}

One-way analysis of variance (ANOVA) was performed using the Graphpad 5.0 software, and the sample means were compared by Fisher's LSD test. The results were presented as x̅ ± SD, and a difference of *P* \< 0.05 was deemed as statistically significant.

Results {#S0003}
=======

Ado Inhibited A2780 Ovarian Cancer Cell Proliferation In Vitro {#S0003-S2001}
--------------------------------------------------------------

To investigate the ability of Ado to inhibit the proliferation of A2780 ovarian cancer cells, we treated A2780 with different concentrations of Ado for 24 hrs, 48 hrs, 72 hrs, and 96 hrs. As shown in [Figure 1](#F0001){ref-type="fig"}, the relative viability of cells subsequent to Ado treatment proved to be both concentration- and time dependent (*P*\< 0.05).Figure 1Adenosine inhibits the growth and the tumorigenic ability of A2780 ovarian cancer cells (**A**) A2780 cells were treated with increasing concentrations of 0, 1, 5, 10, 20, 40, and 80 µM adenosine for 24, 48, 72, and 96 hrs, and cell viability was determined by the MTT assay. (**B**-**D**) Antitumor effect of Adenosine in ovarian cancer xenograft mice model.(B) Body weight at each time point. (**C**) Tumor volume at each time point. (**D**) Morphology of subcutaneous implanted tumor. Data are representative of values from at least three independent experiments.

Ado Restrained The Growth Of A2780 Subcutaneous Xenograft In Nude Mice {#S0003-S2002}
----------------------------------------------------------------------

Results of subcutaneous xenograft assay in nude mice suggested no significant difference in the body weight between the Ado-treated group and the model group; meanwhile, cisplatin treatment remarkably reduced the body weight of mice, indicating that Ado caused no systemic toxicity in nude mice ([Figure 1B](#F0001){ref-type="fig"}). In addition, compared with model group, Ado at the doses of 20 mg/kg and 60 mg/kg dramatically reduced the volume of A2780 xenograft in a dose-dependent manner ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}, [Table1](#T0001){ref-type="table"}). These results indicated that Ado inhibited the growth of A2780 cells in vivo.Table 1Statistics Of Tumor Volume Of Each Group ($\documentclass[12pt]{minimal}
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$)GroupTumor Volume (mm^3^) On Day 21*P* (Compared With The Model Group)Model group3200 ± 52Adenosine (20 mg/kg) group2850 ± 710.056Adenosine (60 mg/kg) group1270 ± 620.0001Cisplatin (3 mg/kg) group260 ± 39\<0.0001

Ado Enhanced RhoGDI2 Expression In The A2780 Subcutaneous Xenografts In Nude Mice {#S0003-S2003}
---------------------------------------------------------------------------------

IHC results showed that RhoGDI2 expression was remarkably lower in tumor cells than in paracancerous tissues of model group. Moreover, it was found after Ado and cisplatin treatment that Ado enhanced RhoGDI2 protein expression in a dose-dependent manner relative to that in model group ([Figure 2](#F0002){ref-type="fig"}). These results indicated that Ado enhanced RhoGDI2 expression in the A2780 subcutaneous xenografts in nude mice.Figure 2Effects of Ado on RhoGDI2 expression in subcutaneous xenografts in nude mice detected by IHC. **A**: Para-carcinoma of Model Group. **B**: Cancer tissue of Model Group. **C**: Ado (20 mg/kg) group; **D**: Ado (60 mg/kg) group; **E**: cisplatin (3 mg/kg).

Interference With RhoGDI2 Disrupted The Ability Of Ado To Inhibit Tube Formation {#S0003-S2004}
--------------------------------------------------------------------------------

Results of tube formation assays suggested that, compared with control group (PBS), the culture supernatant of A2780 cells markedly stimulated tube formation *(P* \< 0.001). After Ado treatment, the tumor-induced tube formation was dramatically reduced (*P* \< 0.001) compared with the 0 μM group. However, interference with RhoGDI2 greatly reduced the ability of Ado to inhibit tube formation compared with that in the non-interference group (*P* \< 0.001, [Figure 3](#F0003){ref-type="fig"}). Results of this assay suggested that interference with RhoGDI2 disrupted the ability of Ado to inhibit tube formation.Figure 3Effect of RhoGDI2 over-expression on regulating the A2780-induced tube formation by Ado. (**A**) Control group (PBS); (**B**) Ado group (0 μM) + cell culture supernatant; (**C**) Ado group (20 μM) + cell culture supernatant; (**D**) Ado group (20 μM) + cell culture supernatant + RhoGDI2 siRNA; (**E**) Tube formation quantification, \*\*\**P* \< 0.001.

Ado Suppressed The Protein Expression Of MMP-2, MMP-9, VEGF, TGF-β, TNF-α, And CD31 In A RhoGDI2-Dependent Manner {#S0003-S2005}
-----------------------------------------------------------------------------------------------------------------

Results of Western blotting showed that Ado restrained the expression of invasion-related proteins MMP-2 and MMP-9, as well as the angiogenesis-related proteins VEGF, TGF-β, TNF-α, and CD31. Moreover, interference with RhoGDI2 evidently decreased the ability of Ado to inhibit the expression of the above-mentioned proteins ([Figure 4](#F0004){ref-type="fig"}). The above findings revealed that Ado inhibited the expression of angiogenesis-related factors in a RhoGDI2-dependent manner.Figure 4Effect of interference with RhoGDI2 on the Ado-regulated protein expression. Western blotting is carried out to analyze the changes in the expression of invasion-related proteins and angiogenesis-related proteins.

Discussion {#S0004}
==========

In this study, the effects of Ado on the growth and angiogenesis of A2780 ovarian cancer cells were investigated through constructing a subcutaneous xenograft model in nude mice and a tumor cell-induced tube formation model, so as to examine the effect of interference with RhoGDI2 on Ado regulation. Our experimental results showed that Ado suppressed the proliferation and growth of A2780 ovarian cancer cells both in vitro and in vivo; in addition, Ado restrained the angiogenesis induced by treatment with A2780 ovarian cancer cell supernatant in HUVECs. In addition, it was discovered that RhoGDI2 was lowly expressed in ovarian cancer, but Ado treatment markedly up-regulated its expression. Besides, the effect of high-dose Ado on up-regulating RhoGDI2 expression was almost equivalent to that of cisplatin. Interference with RhoGDI2 dramatically reduced the ability of Ado to inhibit tube formation, suggesting that RhoGDI2 was involved in regulating tumor angiogenesis.

RhoGDI2 is suggested in mechanistic study to mediate tumor invasion and metastasis,[@CIT0014],[@CIT0015] and MMP-2 and MMP-9 are identified as the key proteins in regulating tumor cell invasion.[@CIT0016] Therefore, this study first determined the effect of interference with RhoGDI2 on the expression of MMP-2 and MMP-9. Our results showed that Ado inhibited the expression of MMP-2 and MMP-9, whereas interference with RhoGDI2 evidently reduced the inhibition of Ado on these proteins. These findings indicated that RhoGDI2 participated in regulating tumor cell invasion, which was achieved through regulating the expression of MMP-2 and MMP-9, suggesting that RhoGDI2 was a potential target for anti-tumor invasion and metastasis strategies. In addition, based on the critical role of angiogenic factors (such as VEGF, TGF-β, TNF-α, and CD31) in regulating tumor angiogenesis, inhibiting the expression of these factors effectively controls the angiogenesis process.[@CIT0017] CD31 is closely related to angiogenesis, and vascular system in tumor microenvironment plays an important role in tumor cell proliferation and invasion. CD31 can be a target for tumor therapy. Therefore, this study focused on the effect of interference with RhoGDI2 on the expression of these angiogenic factors. It was found that Ado evidently suppressed the expression of VEGF, TGF-β, TNF-α, and CD31, while interference with RhoGDI2 reversed the inhibition of angiogenesis by Ado. These findings suggested that RhoGDI2 participated in controlling angiogenesis through regulating the expression of these angiogenic factors. Thus, RhoGDI2 was also a potential target protein for regulating angiogenesis.

In conclusion, RhoGDI2 is involved in the invasion and angiogenesis of ovarian cancer, and Ado inhibits ovarian cancer growth through enhancing RhoGDI2 expression. Future studies should focus on the effects of over-expressing RhoGDI2 on tumor growth in vivo, so as to determine the molecular mechanism by which RhoGDI2 regulates tumor growth. In addition, the key roles of various proliferation- and growth-regulating signaling pathways in this process should also be investigated. Findings in this study show that Ado can potentially serve as a highly valuable anti-tumor compound, which displays promising prospects for clinical application.
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